We performed the first-principles calculations based on spin-polarized density functional theory to investigate the Sr substitution effects on the atomic and local electronic structure of Ca2AlMnO5+δ. prevents the release of the Jahn-Teller distortion. We also found that the covalent bonding between Mn and OMn-Alt atoms weaken with Sr substitution by the local electronic structure analysis, which results in the unstable oxygen absorbed phase and weak prepeak and main peak intensity near the onset of O-K edge ELNES of OMn-Alt atoms.
Introduction
Perovskite oxides ABO3 show the various unique properties, and therefore, can play important roles in many scientific and engineering fields, for instance, solar cells, oxygen storage materials(OSM), and so on. In the case of application for OSM, the reversible topotactic transformation between ABO3 and ABO3-δ occurs in the oxygen intake and release process. Recently, it has been reported that brownmillerite oxides, which are the vacancy-ordered perovskite oxides, show high oxygen storage capability and cycle prperties. [1] [2] [3] Especially, Ca2AlMnO5+δ, which shows the ready availability of the constituent elements and 3 wt.% oxygen storage [3] , is one of the promising OSM.
In the topotactic transformation from Ca2AlMnO5 to Ca2AlMnO5.5, layer-by-layer transformation of AlO4 tetrahedra into AlO6 octahedra occurs. However, Ca2AlMnO5+δ
shows the large temperature hysteresis between oxygen intake and release, and slow reaction rate.
It has also been reported that we can control the oxygen storage properties of Ca2AlMnO5+δ, for instance, equilibrium temperature and oxygen partial pressure for the oxygen storage, through the substitution of constituent elements. [4] For further material design using heteroatomsubstitution, we have to understand the substitution effect on the atomic and local electronic structure. Because of its vacancy-ordered structure, brownmillerite oxide Ca2AlMnO5.5 contains complex chemical bonding, i.e. five non-equivalent oxygen sites. In the case of Ca2AlMnO5, three non-equivalent oxygen sites exist. Therefore, atomic-scale analysis is required. Recently, we reported the atomic and local electronic structures of Ca2AlMnO5+δ using the high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) with electron energy-loss spectroscopy (EELS) and first-principles calculations based on spin-polarized density functional theory (DFT). [5] We found that the good agreements with the atom-resolved O-K edge electron energy-loss near-edge structure (ELNES) at each non-equivalent O atom column and corresponding density of states (DOS) of p orbitals of corresponding non-equivalent O atoms. Therefore, theoretical atomic-scale analysis of the substitution effects using DFT can enhance the comprehension of the experimental analysis.
In this paper, we focused on the Sr substitution at Ca sites, i.e., Sr2AlMnO5+δ, as shown in Fig. 1 . We performed the first-principles electronic structure calculations based on spin-polarized DFT to investigate the Sr substitution effects on the atomic and local electronic structure. We also discussed the origin of the Sr substitution effects on the oxygen storage properties.
Computational Methods
We performed the first-principles electronic structure calculations based on spin-polarized DFT, using a generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [6, 7] , which was implemented in the plane-wave and projector augmented wave method using the Vienna Ab-initio Simulation Package (VASP 5.4.1) [8] [9] [10] [11] [12] . We treated the unitcells of Sr2AlMnO5 and Sr2AlMnO5.5. To reveal the Sr substitution effect, we also treated Ca2AlMnO5 and Ca2AlMnO5.5. We applied a 600 eV cutoff for the plane-wave basis set without compromising computational accuracy. A 3×3×3 Monkhorst-Pack special k-point grid [13] was used for the first Brillouin zone sampling with a Gaussian smearing model of σ = 0.05 eV for atomic structure optimization and σ = 0.2 eV for the crystal orbital Hamilton population (COHP) analysis. The on-site Coulomb interaction for Mn 3d electrons was treated based on formalisms proposed by Dudarev et al. [14] .
We calculated the on-site Coulomb interaction parameter U-J dependence of the enthalpy change ΔH through oxygen storage process, as shown in Fig. 2 . In this paper, we adopted U-J of 2.0 eV because this value can reproduce the experimentally reported oxygen storage properties [1] . The antiferromagnetic magnetic structure was treated as previously reported. [15] Atomic positions and lattice constants were optimized until the forces on each atom were smaller than 0.02 eV/Å.
We also calculated the O K-edge ELNES based on the Z+1 approximation (e.g., replace O with F) to model the corresponding core-hole effect. To reduce the interaction between core-hole states, we adopted 2×2×1 supercells, and 2×2×2 and 2×2×1 Monkhorst-Pack special k-point grid were used for before and after oxygen storage, respectively.
We calculated the electron density transfer with Bader charge analysis. [16, 17] We also used LOBSTER 2.2.1 [18] to perform COHP analysis. We used Visualization for Electronic and Structure Analysis (VESTA) for visualizing atomic models and electron density distribution. [19] The simulated HAADF-STEM images in Fig. 1 were calculated with the Dr. Probe version 1.7 multi-slice image simulator [20] , which uses the frozen phonon approximation to incorporate 4 the TDS influence. In these image simulations, we used a Lorentz function with a full width at half maximum (FWHM) of 0.03 nm for the electron probe intensity distribution. The defocus spread was set to 3 nm.
Results and Discussions
In On the other hand, in the case of Sr2AlMnO5.5, the bond length between Mn and OMn-Alt atoms is 2.412 Å, which almost corresponds to that of Sr2AlMnO5 (2.441 Å). This is because the large ionic radius of Sr 2+ prevents the disappearance of the Jahn−Teller distortion. This long bond length between Mn and OMn-Alt atoms may suppress the formation of the covalent bond between these atoms.
In Fig. 3 , the electron density distribution in the vicinity of Mn octahedra in and +4 through oxygen storage in Ca2AlMnO5+δ and Sr2AlMnO5+δ. In the both cases of Ca2AlMnO5+δ and Sr2AlMnO5+δ, we can find the large peaks, which means the strong electronic orbital hybridization, between Mn and OMn-Mn atoms. Next, we focused on Mn-OMn-Alt. The peak intensity of Mn-OMn-Alt is smaller than that of Mn-OMn-Mn, which
indicates the weak electronic orbital hybridization because of their long bond length.
The peak intensity of Mn-OMn-Alt in Sr2AlMnO5.5 is smaller than that of Ca2AlMnO5.5, while the Sr substitution does not affect the peak intensity of Mn-OMn-Alt before oxygen storage. This is because the Sr substitution lengthens the bond length between Mn and
OMn-Alt atoms in 11 % after oxygen storage, as shown in Table 2 . Even though we can find the slight energy shifts, the peak intensity of -COHP does not change with Sr substitution in all -COHP results except Mn-OMn-Alt after oxygen storage. Therefore, we can conclude the origin of the low oxygen capability of Sr2AlMnO5.5 is the weak covalent bond between Mn and OMn-Alt atoms.
Finally, we discuss the Sr substitution effects on the EELS experiment. Figure   6 shows the calculated O-K edge ELNES using Z+1 approximation. The O-K edge ELNES is the electron excitation from occupied 1s to unoccupied 2p orbitals of O atoms. Therefore, O-K edge ELNES spectra reflect the DOS of unoccupied 2p orbitals of O atoms. We note that hybridization which we considered in this paper consists of Mn d and O p orbitals, and the unoccupied hybridized orbitals near the Fermi level are the origins of the prepeak(~3eV) and main peak(4 eV~) of O-K edge ELNES. [5] As we mentioned, the hybridization of Mn-OMn-Alt in Sr2AlMnO5.5 is weaker than that in Ca2AlMnO5.5. Therefore, the relative intensity of the prepeak to the main peak of O-K edge ELNES, especially at OMn-Alt sites, also becomes weaker with Sr substitution, which can be seen below 3 eV in Fig. 6 (b) . We also note that the main peak intensity near the onset of O-K edge ELNES before oxygen storage becomes weaker with Sr substitution, which can be clearly seen around 4 eV in Fig. 6 (a) . These trends indicate the possibility of the finding the Sr segregated regions from O-K edge ELNES spectra in addition to the atomic structure analysis and Z-contrast from the HAADF-STEM imaging.
Conclusion
In this paper, we performed the first-principles electronic structure calculations based on spin-polarized DFT to investigate the Sr substitution effects on the atomic and local 
